Treatment with NNK using this protocol significantly elevated the levels of 8-OH-dG in lung DNA of F344 rats from 2.6 ⍨ 0.5 to 3.5 ⍨ 0.5 adducts/10 5 dG (P < 0.03), while dietary p-XSC (at 15 p.p.m. Se) kept the levels of this lesion at 2.2 ⍨ 0.6 adducts/10 5 dG (P < 0.01). Our findings suggest that the chemopreventive efficacy of p-XSC against NNK-induced lung tumorigenesis in A/J mice and F344 rats may be due in part to inhibition of oxidative DNA damage.
Introduction
The tobacco-specific N-nitrosamines (TSNA) are a unique class of alkaloid-derived compounds found in tobacco smoke and tobacco products (1). 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) (Figure 1 ), as a representative TSNA, induces lung adenocarcinoma in rats, mice and hamsters independent of the route of administration (2) . Levels of NNK comparable with those encountered by smokers during their lifetime induce lung adenocarcinoma in laboratory animals (3, 4) . Thus, it is thought that NNK may be partly responsible for the induction of tobacco-related lung cancer in humans as well.
NNK requires metabolic activation to exhibit its carcinogenic properties ( Figure 2 ; 5,6). In rodents and primates, α-hydroxylation of the methylene carbon of NNK leads to the formation of electrophilic intermediates which can ultimately alkylate DNA bases. DNA adducts identified from this pathway include 7-methylguanine (7-MeG), O 6 -methylguanine (O 6 -MeG) and O 4 -methylthymidine (6) . In addition to O 6 -MeG, a potent mutagenic lesion, unknown DNA adducts derived from α-hydroxylation of the methyl group of NNK appear to play important roles in NNK-induced lung tumorigenesis (7) (8) (9) (10) . Elevated levels of 8-hydroxy-2Ј-deoxyguanosine (8-OH-dG), a weak mutagenic lesion and biomarker of oxidative DNA damage, in lung DNA of A/J mice, F344 rats and Swiss mice treated with NNK have also been demonstrated (11) (12) (13) (14) . However, the role of 8-OH-dG and of other types of oxidative DNA damage in NNK-induced lung tumorigenesis have not been defined. While DNA methylation plays an important role in the initiation phase of NNK-induced lung tumorigenesis, oxidative DNA damage also appears to be important in initiation, but perhaps even more so in the postinitiation phase of NNK-induced lung tumorigenesis (6) .
Among several compounds tested as chemopreventive agents against NNK-induced lung tumorigenesis (15), dietary supplementation with the synthetic organoselenium compound 1,4-phenylenebis(methylene)selenocyanate (p-XSC) (Figure 1 ) inhibits NNK-induced lung tumor multiplicity in A/J mice whether administered during initiation, post-initiation or during both phases of NNK-induced lung tumorigenesis (16, 17) . Moreover, dietary p-XSC significantly suppresses the levels of 7-MeG and O 6 -MeG in lung DNA of A/J mice and F344 rats treated with NNK (18) . Collectively, these studies indicate that the chemopreventive efficacy of p-XSC against NNKinduced lung tumorigenesis in A/J mice is partly due to inhibition of DNA methylation. In the present study, we tested the hypothesis that the chemopreventive efficacy of p-XSC against NNK-induced lung tumorigenesis in A/J mice may also be due in part to inhibition of oxidative DNA damage measured as 8-OH-dG. Although the efficacy of p-XSC against NNK-induced lung tumorigenesis in F344 rats remains to be examined, our observations in A/J mice encouraged us to test its effect on the levels of 8-OH-dG in lung DNA of F344 rats treated with NNK.
Materials and methods

Chemicals
Citric acid (Ͼ99.5%), sodium acetate (Ͼ99%) and sodium hydroxide (99.99%) were obtained from Aldrich Chemical (Milwaukee, WI). Glacial acetic acid, isoamyl alcohol and HPLC grade methanol and chloroform were bought from Fisher Scientific (Fairlawn, NJ). Absolute ethanol was purchased from Pharmco Products (Brookfield, CT). Trizma ® base (99.9%), EDTA (99.7%), sodium chloride (99.5%), SDS (99%), 2Ј-deoxyguanosine (dG) (99-100%), 8-OHdG, proteinase K, RNase A (type II-A), RNase T1, nuclease P1 and alkaline phosphatase (type III) were from Sigma (St Louis, MO). p-XSC was synthesized and purified (Ͼ99.9%) as described (19) . Diets Diet ingredients were obtained from Dyets (Bethlehem, PA). Control diet (AIN-76A-5% corn oil) was prepared by mixing AIN-76A diet with corn oil. Control diets with p-XSC (AIN-76A-5% corn oil containing 10 or 15 p.p.m. Se) were prepared by adding a solution of p-XSC in ethanol to the control diet and removing the solvent under high vacuum. The doses of p-XSC were chosen on the basis of our previous studies, which had shown that p-XSC at selenium levels between 7.5 and 15 p.p.m. lacked toxicity in A/J mice and F344 rats (16) (17) (18) . Animal experiments A/J mice multiple NNK dosing protocol. For the multiple dose experiment, 36 5-week-old female A/J mice (Jackson Laboratories, Bar Harbor, ME) were divided into four groups of nine animals each. The first and second groups were fed control diet and control diet containing p-XSC (10 p.p.m. Se) ad libitum respectively and were gavaged with corn oil (0.2 ml) three times weekly for 3 weeks. The third and fourth groups were fed control diet and control diet containing p-XSC ad libitum respectively while being gavaged with NNK (0.5 mg/mouse) in corn oil (0.2 ml) three times weekly for 3 weeks. This NNK dosing protocol has been shown to significantly elevate the levels of 8-OH-dG in lung DNA from A/J mice (11) (12) (13) . All mice were killed by cervical dislocation 2 h after the last gavage. This time point was chosen on the basis of earlier studies, which had shown that the levels of 8-OH-dG in lung DNA of A/J mice reached a maximum 2 h after the last NNK administration and then rapidly decreased to background levels (11) . Lungs and livers were excised, immediately frozen in liquid nitrogen and stored at -80°C until DNA isolation.
A/J mice single NNK dosing protocol. For the single dose experiment, 27 5-week-old female A/J mice were divided into three equal groups. The first group (control) was given control diet ad libitum for 1 week before a single i.p. injection of saline (0.1 ml) was administered. The second group (NNK) received control diet ad libitum for 1 week prior to a single i.p. injection of NNK (2 mg/mouse) in saline (0.1 ml). The third group (NNK ϩ p-XSC) was given control diet containing p-XSC (15 p.p.m. Se) ad libitum for 1 week followed by a single i.p. injection of NNK (2 mg/mouse) in saline (0.1 ml). This NNK dosing protocol was chosen on the basis of studies that had demonstrated it to induce lung tumors in A/J mice (16, 17) . All mice were killed by cervical dislocation 2 h after the i.p. injections and processed as in the multiple dose experiment.
F344 rats single NNK dosing protocol. For this single carcinogen dosing experiment, 16 male F344 rats (body weight 150-162 g; Charles River
Laboratories, Raleigh, NC) were divided into four equal groups. The first and second groups were fed control diet or control diet containing p-XSC (15 p.p.m. Se) ad libitum for 1 week before a single i.p. injection of saline (2 ml/kg body wt) was administered. The third and fourth groups were fed control diet or control diet containing p-XSC ad libitum for 1 week followed by a single i.p. injection of NNK (100 mg/kg body wt) in saline (2 ml/kg body wt). This NNK dosing protocol has been shown to significantly increase the levels of 8-OH-dG in lung DNA of F344 rats (11) . All rats were killed by decapitation 2 h after the i.p. injection and were processed as described for the A/J mice.
Isolation of DNA DNA was isolated following the method of Fiala et al. (21) with minor modifications. Briefly, lungs were combined in groups of three and homogenized in 0.15 M NaCl, 15 mM citrate, pH 7.0, buffer (8 vols) at 0°C using a Tekmar Tissumizer (Tekmar, Cincinnati, OH). After centrifugation (1500 g, 4°C, 25 min) the pellet was dispersed in 10 mM Tris-HCl, 1 mM EDTA, 1 M NaCl, pH 7.0, buffer (6 vols) and treated with 10% SDS (7 µl/ml suspension). After 45 min at 0°C the mixture was incubated with proteinase K (59 U/g lung) at 37°C for 30 min. The mixture was extracted twice with chloroform:isoamyl alcohol (24:1, 1 vol) and nucleic acids were precipitated from the aqueous layer by addition of cold ethanol (2 vols). Nucleic acids were washed with cold 70% ethanol solution, partly dried under nitrogen and resolubilized in 10 mM Tris-HCl, 1 mM EDTA, pH 7.0. After incubation with RNase A (200 U/g lung) and RNase T1 (200 U/g lung) for 45 min at 37°C, 2 M NaCl (1 vol) was added and the solution was extracted with chloroform:isoamyl alcohol (24:1; 1 vol). DNA was precipitated from the aqueous layer by adding cold ethanol (2 vols). After washing several times with cold 70% ethanol, the DNA was dried under nitrogen and stored at -80°C until further analysis.
Hydrolysis of DNA DNA (1 mg) was dissolved in 10 mM Tris-HCl, 1 mM EDTA, pH 7.0, buffer (0.5-1.0 ml) and its concentration determined spectrophotometrically at 260 nm (1 AU 260 ϭ 50 µg/ml solution). To an aliquot containing 150 µg DNA was added 0.5 M sodium acetate buffer, pH 5.0, (15 µl) followed by nuclease P1 (7.5 U) and the solution was incubated at 37°C for 30 min. Tris-HCl buffer (0.4 M, pH 7.5, 120 µl) was added followed by alkaline phosphatase (4.5 U) and the solution was incubated at 37°C for 1 h. After filtration (0.2 µm Acrodisc), the solution was immediately frozen at -80°C and analyzed by HPLC within 1 h. A reverse phase Beckman Ultrasphere ODS guard column (4.6ϫ46 mm), followed by a Beckman Ultrasphere ODS column (250ϫ4.6 mm, 5 µm), was used as the stationary phase. The mobile phase consisted of 12.5 mM citric acid, 25 mM sodium acetate, 30 mM sodium hydroxide, 7 mM acetic acid, 5% methanol (pH 5.5) and was maintained isocratically at a flow rate of 1 ml/min. Deoxyguanosine (dG) was detected at 254 nm using a Waters model 441 absorbance detector. 8-OH-dG was detected electrochemically at ϩ600 mV (glassy carbon versus Ag/AgCl/3 M NaCl) using a Bioanalytical Systems (West Lafayette, IN) model LC-4B/LC-17A amperometric detector. dG was quantitated on the basis of standard curves relating dG concentration to its integrated UV absorbance peak. 8-OH-dG was quantitated using standard curves relating 8-OH-dG concentration to its integrated electrochemical peak. Results are expressed as 8-OH-dG/10 5 dG (mol/mol).
Analysis of 8-OH-dG
Results
Studies in A/J mice Multiple NNK dosing experiments.
Representative HPLC profiles of the DNA hydrolysates illustrating the effect of multiple doses of NNK and dietary p-XSC on the levels of 8-OH-dG in lung DNA from A/J mice are presented in Figure 3 . The levels of 8-OH-dG obtained from lung DNA of A/J mice treated with multiple doses of NNK and the effect of dietary p-XSC are shown in Table I . Mice in the group receiving control diet containing p-XSC (10 p.p.m. Se) had slightly, but not significantly, higher 8-OH-dG levels relative to mice maintained on the control diet. Treatment with NNK under the conditions of this protocol elevated the levels of 8-OH-dG in lung DNA of A/J mice by 129% (P Ͻ 0.001) relative to control levels. This elevation in the levels of 8-OH-dG was significantly inhibited (44% reduction, P Ͻ 0.003) by dietary p-XSC at 10 p.p.m. Se. Single NNK dosing experiments. 8-OH-dG levels in lung DNA of A/J mice treated with a single dose of NNK and the effect of dietary p-XSC are shown in Table II . NNK treatment increased the levels of 8-OH-dG by 200% (P Ͻ 0.01) relative to control levels. Formation of 8-OH-dG was significantly inhibited (47% reduction, P Ͻ 0.03) by dietary p-XSC at 15 p.p.m. Se.
Studies in F344 rats
Single NNK dosing experiments. The levels of 8-OH-dG obtained from lung DNA of F344 rats treated with a single dose of NNK and the effect of dietary p-XSC are shown in Table III . A single i.p. injection of NNK (100 mg/kg body wt) elevated the levels of 8-OH-dG by 35% (P Ͻ 0.03) relative to control levels. Similar to the A/J mice study, this NNKinduced elevation in the levels of 8-OH-dG was significantly inhibited (37% reduction, P Ͻ 0.01) by dietary p-XSC at 15 p.p.m. Se.
Discussion
Our experiments clearly demonstrate that multiple oral administration as well as single i.p. injection of NNK significantly enhance the formation of 8-OH-dG in lung DNA of A/J mice. This is consistent with results described earlier (11) (12) (13) (14) . Under the two different carcinogen dosing protocols employed in this study, NNK was shown to induce lung adenomas in A/J mice (11) (12) (13) (14) 20) . Given that oxidative DNA damage has been implicated in both the initiation and post-initiation phases of tumorigenesis (23) (24) (25) , our observations suggest that oxidative damage may in part account for NNK-induced tumorigenesis in A/J mouse lung.
Previously we demonstrated that dietary administration of p-XSC at different dose levels throughout the bioassay significantly inhibits NNK-induced lung tumors in A/J mice in a dose-dependent manner, reducing lung tumor multiplicity from 7.6 to 4.1, 3.3 and 1.8 at 5, 10 and 15 p.p.m. Se respectively (16) . We have also shown that p-XSC (7.5 or 15 p.p.m. Se) inhibits NNK-induced lung tumors in A/J mice during both the initiation and post-initiation phases of carcinogenesis (17) . Under the conditions of these bioassays (16, 17) p-XSC had no major effects on mortality and body weights of mice. No toxic effects were observed in rats (18, 19) at levels of p-XSC higher than those used in mice; however, there are no data on toxicity of p-XSC in humans.
p-XSC effectively suppresses the levels of 7-MeG and O 6 -MeG in lung DNA of A/J mice and F344 rats treated with NNK (18) . This inhibitory action may account for the chemoprevention of p-XSC during the initiation phase of tumorigenesis. In the present study, we clearly demonstrate that dietary p-XSC also inhibits formation of 8-OH-dG in lung DNA of A/J mice treated with NNK, independent of the protocol employed. Collectively, these studies indicate that the chemopreventive efficacy of p-XSC against NNK-induced lung tumorigenesis in A/J mice is due in part to inhibition of DNA methylation, but also to a reduction in specific oxidative DNA damage.
Consistent with previous findings (11), a single i.p. injection of NNK significantly raised the levels of 8-OH-dG in lung DNA of F344 rats. Our experiments showed that dietary p-XSC is effective against this type of oxidative DNA damage. Dietary p-XSC (at 10 p.p.m. Se) also inhibits O 6 -MeG and 7-MeG formation in lung DNA of F344 rats treated with NNK (18) . Collectively, these findings suggest that p-XSC can be an effective chemopreventive agent against NNK-induced lung tumorigenesis in rats.
Significantly higher levels of 8-OH-dG were found in the urine, oral mucosa, lung tissue and blood of smokers than of non-smokers, indicating that tobacco smoke can induce specific oxidative DNA damage (26) (27) (28) (29) . In fact, non-smokers who had environmental tobacco smoke (ETS) exposure have significantly higher levels of 8-OH-dG in their blood than non-smokers without ETS exposure (30) . Whether this type of DNA damage constitutes a critical component in the mechanism responsible for tobacco carcinogenesis in humans has yet to be demonstrated. The induction of 8-OH-dG levels by NNK in laboratory animals suggests that NNK may partly account for the specific oxidative DNA damage in smokers. Our observations in this study, together with previously established evidence, suggest that p-XSC may prove to be an effective chemopreventive agent against tobacco-induced lung cancer in humans. 8-OH-dG is a weak mutagenic lesion which induces G:C→T:A transversions in vivo during DNA synthesis (31) (32) (33) . This type of mutation is also induced in lung DNA of smokers by adducts with metabolites of benzo[a]pyrene, a representative polynuclear aromatic hydrocarbon, and it also occurs in the K-ras oncogene and p53 tumor suppressor gene of lung cancer patients (34, 35) . In addition, 4-(acetoxymethylnitrosamino)-1-(3-pyridyl)-1-butanone, a pyridyloxobutylating agent derived from NNK, induces G→T transversions in the K-ras oncogene in lung tumors of A/J mice (36) . This type of mutation suggests that 8-OH-dG may play a significant role in the development of lung cancer in smokers; however, there is no proof of a causal relationship.
Metabolic activation of some N-nitrosamines by P450 enzymes and other mechanisms can induce the formation of reactive oxygen species (ROS), i.e. nitric oxide, superoxide anion, hydroxyl radical, etc. (37) . Such ROS, in particular hydroxyl radical, can react with DNA and lead to the formation of 8-OH-dG, among other oxidized products (38) (39) (40) (41) . Some activated aliphatic and aromatic hydroxylamines react with DNA to form 8-OH-dG via mechanisms that do not seem to involve ROS. For instance, in vitro the reaction of either hydroxylamine-O-sulfonic acid, 2,4-dinitrophenoxyamine or 4-hydroxyaminoquinoline-1-oxide/seryl-AMP with DNA generates 8-OH-dG (42) (43) (44) . Whether metabolic activation of NNK leading to the formation of 8-OH-dG involves ROS or other reactive intermediates remains to be investigated.
Compounds with ROS scavenging capacity, i.e. antioxidants, inhibit the formation of 8-OH-dG in DNA in vivo and in vitro (45) (46) (47) (48) (49) . For instance, the antioxidant (-)-epigallocatechin gallate effectively suppresses NNK-induced lung tumorigenesis and 8-OH-dG levels in lung DNA of A/J mice while having no effect on the levels of O 6 -MeG (13) . Our studies clearly show that p-XSC inhibits the formation of 8-OH-dG, but that it also effectively inhibits O 6 -MeG formation (18) .
To summarize, the organoselenium compound p-XSC was effective against specific NNK-induced oxidative DNA damage, measured as 8-OH-dG, in lung DNA of A/J mice and F344 rats. The chemopreventive efficacy of p-XSC against NNK-induced lung tumorigenesis may be due in part to inhibition of this type of oxidative DNA damage. Delineation of the pathways responsible for formation of 8-OH-dG in lung DNA of mice and rats treated with NNK and protection against such damage by p-XSC is currently in progress in our laboratory.
